Phytophthora sojae is one of the costliest soybean pathogens in the US. Quantitative disease resistance (QDR) is a vital part of Phytophthora disease management. In this study, QDR was measured in 478 and 495 plant introductions (PIs) towards P. sojae isolates OH.121 and C2.S1, respectively, in genome-wide association (GWA) analyses to identify genetic markers linked to QDR loci (QDRL). Populations were generated by sampling PIs from the US, the Republic of Korea, and the full collection of PIs maintained by the USDA. Additionally, a meta-analysis of QDRL reported from bi-parental studies was done to compare past and present findings. Twenty-four significant marker-trait associations were identified from the 478 PIs phenotyped with OH.121, and an additional 24 marker-trait associations were identified from the 495 PIs phenotyped with C2.S1. In total, 48 significant markers were distributed across 16 chromosomes and based on linkage analysis, represent a total of 44 QDRL. The majority of QDRL were identified with only one of the two isolates, and only a region on chromosome 13 was consistently identified. Regions on chromosomes 3, 13, and 17 were identified in previous GWA-analyses and were re-identified in this study. Five QDRL co-localized with P. sojae meta-QDRL identified from QDRL reported in previous biparental mapping studies. The remaining regions represent novel QDRL, in the soybean-P. sojae pathosystem and were primarily identified in germplasm from the Republic of Korea. Overall, the number of loci identified in this study highlights the complexity of QDR to P. sojae. OPEN ACCESS Citation: Rolling W, Lake R, Dorrance AE, McHale LK (2020) Genome-wide association analyses of quantitative disease resistance in diverse sets of soybean [Glycine max (L.) Merr.] plant introductions. PLoS ONE 15(3): e0227710. https:// development, including saturated soils and temperatures around 25˚C [2 -4]. Under these conditions, zoospores of P. sojae chemotactically swim towards soybean roots [5, 6] . Successful infection of susceptible plants results in seed rot and damping off at early growth stages, and wilting, stem lesions, and plant death at later growth stages. Genetic resistance is considered the most effective strategy for preventing or reducing the impact of Phytophthora diseases [4, 7] .
Introduction
Phytophthora root and stem rot [1] is an economically significant disease of soybean [ Although soybean growers deploy QDR to P. sojae in the US [3] , US germplasm has never been evaluated in a GWA analysis for QDR to P. sojae. A population derived from US germplasm could be useful in identifying alleles in germplasm most adapted for the region. Though alleles from adapted germplasm may be easier to introgress or maintain in elite cultivars, identifying novel QDRL from diverse germplasm remains a crucial aspect of resistance breeding. Thus, the objective of the current research was to complete genome-wide association (GWA) analyses by sampling US, SK, and the full diversity of the USDA soybean PI collection. Two isolates were used to assay QDR because P. sojae is diverse [27] and previous studies have mapped different QDRL depending on the isolate [47, 48] .
We phenotyped 547 (495 used in GWA analysis) PIs for QDR using isolate C2.S1 of P. sojae and also measured QDR in a different set of 549 PIs (478 used in GWA analysis) with the second isolate OH.12108.6.3 (OH.121) of P. sojae. In total, 48 SNPs associated with QDR to P. sojae were identified and consolidated into 44 QDRL, with 21 QDRL identified with OH.121 and 23 QDRL identified with C2.S1. In addition to GWA analyses, we completed a meta-QDRL analysis to consolidate previous results and identify any colocalization between the loci identified in this study by GWA analysis and those QDR previously identified from biparental mapping studies. The 44 QDRL reported here represent a mixture of both novel QDRL and those that confirm results of previous mapping studies of this complex pathosystem.
Materials and methods

Genotypic data
We used publically available genotypic data from the SoySNP50K iSelect BeadChip [60] downloaded from Soybase [61] (www.soybase.org/snps). In total, 42,509 SNP data were available for 20,087 PIs. Monomorphic markers, markers with > 5% missing data, and markers with a minor allele frequency of < 5% were removed prior to analyses. For the remaining SNPs, missing marker data was imputed with fastPHASE [62] . Using the 1096 PIs phenotyped in this study, genome-wide linkage disequilibrium (LD) decay was estimated for both euchromatic and heterochromatic regions by plotting physical distance vs. linkage (r 2 ).
Germplasm diversity and selection
FastStructure [63] population analysis using default settings was used to identify related populations. PIs were assigned to populations using a membership coefficient threshold (Q-value) of � 0.7. We sampled the USDA collection to create two distinct sets of PIs, phenotyped with either P. sojae isolate OH.121 (OH set) or C2.S1 (C2 set). PIs were represented once and were phenotyped with only C2.S1 or OH.121, not both isolates of P. sojae because a limited number of seeds were provided by the germplasm center, limiting the assays to one isolate per PI. Three populations were represented within the C2 set and OH set. The first populations were randomly sampled twice from the 20,087 PIs to create the C2-GRIN and OH-GRIN populations. Population structure analyses identified a population of 817 PIs primarily consisting of US-North-Central region PIs and 1805 PIs mainly originating from SK. The PIs originating from the US were randomly sampled twice to create the C2-US and OH-US populations. Similarly, the SK originating PIs were randomly sampled twice to create the C2-SK and OH-SK populations.
For the C2 set of PIs (consisting of the C2-US, C2-SK, and C2-GRIN populations), 547 PIs were phenotyped, and 495 PIs used for GWA analysis (S3 Table) . The three populations had samplings of 180 PIs for the US population, 162 PIs for the SK population, and 153 PIs sampled from the GRIN population. The OH set of PIs (consisting of the OH-US, OH-SK, and OH-GRIN populations) had 549 PIs, which were unique from those included in the C2 set.
The OH set included 478 PIs (S4 Table) in GWA analysis composed of 170 US PIs, 158 SK PIs, and 150 PIs sampled from the GRIN population.
In addition to the PIs, cultivars with characterized QDR against P. sojae ('L83-570-Rps3a', 'Williams 79-Rps1c', 'Conrad-rps', 'Sloan-rps', 'Resnik-Rps1k','OX20-8-Rps1a'), were included as checks. The P. sojae isolates were expected to be virulent on these lines despite the presence of Rps-genes, with the exception of OH.121 on 'Williams 79-Rps1c'. Before disease assays, all seeds were surface sterilized using chlorine gas [64] .
Quantitative disease resistance assays
Phenotyping of QDR was completed using the layer test [65] between February and April 2018 with 16 hrs of supplemental lighting and temperatures maintained between 18˚C and 26˚C. Briefly, a 950mL Styrofoam cup was filled from bottom to top with: (1) 2.5 cm layer of coarse vermiculite, (2) 7.6 cm of fine vermiculite, (3) a two-week-old culture of P. sojae grown on dilute lima bean agar in a 100 mm x 15 mm Petri dish or for non-inoculated treatments 0.6 cm of fine vermiculite, (4) 3.8 cm of fine vermiculite, (5) 8 seeds, and (6) a final layer of coarse vermiculite to cover the seeds. Each block of the experiment was maintained over a three-week period during which the cups were watered twice a day.
The data collected for GWA analyses included an Inoculated Root Rot Score (IRRS), Inoculated Root Weight (IRW), Inoculated Shoot Weight (ISW), Inoculated Plant Height (IPH), Non-inoculated Root Weight, Shoot Weight and Plant Height (NRW, NSW, NPH). The plant heights (IPH, NPH) were collected from three representative plants and averaged. The IRRS score was scored on a scale of 1-9 [65] . Change in root and shoot weight (ΔRW, ΔSW) were calculated by subtracting non-inoculated weights from inoculated weights for each PI line.
We used an incomplete block design with PIs randomized with restriction so that each block contained an inoculated and non-inoculated experimental unit (Styrofoam cup) for each PI represented in a block. Each block consisted of~183 PIs, with 8 seeds per experimental unit. Check cultivars were included in all blocks. Two replicates were completed for each PI resulting in six blocks for both the C2 set and OH set, or 12 blocks total.
Best Linear Unbiased Predictor (BLUP) values and Best Linear Unbiased Estimators (BLUEs) were calculated for PIs and checks, respectively, for each trait measured in the experiment using the R package [66] lme4 [67] . The equation used for each trait was Y hijk = μ + C h + L(C) hi + B(R) jk + ε hijk , where μ is the grand mean, C h is the effect hth class representing one of the six checks or an experimental PI, L(C) hi is the genotypic effect of each line, B(R) jk is the jth block effect within kth rep, and ε represents the residual. Broad-sense heritability (H 2 ) was calculated for each trait H 2 = σ g 2 /(σ g 2 + σ ε 2 /r), where σ g 2 (genetic variance), σ ε 2 (error variance), and r (number of replicates).
Phytophthora isolates and Rps-gene assays
The focus of this study was on QDR, therefore isolates with complex virulence pathotypes were used to limit Rps-gene responses masking QDR. The Ohio isolates OH.12108.6.3 (OH.121) (vir 1a, 1b, 1d, 1k, 2, 3a, 3c, 4, 5, 6, 7, 8) and C2.S1 (vir 1a, 1b, 1c, 1d, 1k, 2, 3a, 3c, 4, 5, 6, 7, 8) were used in the QDR assays. The virulence of these isolates had previously been assessed [55] , but to ensure the pathotypes were consistent after storage, virulence was reassessed here.
To ensure that we were evaluating QDR and not Rps-mediated resistance, we evaluated the 547 lines in the C2 set and the 549 lines from the OH set with the hypocotyl test. Due to limited seed number, eight seedlings were grown and two replicates completed. Scoring thresholds of 70% and 30% were applied. When no lesion developed on 70% of the plants, it was considered a Rps-gene response and removed from GWA analyses. PIs that developed a lesion 70-90% of the time were further scrutinized by checking the scores in the layer test to ensure a lack of an Rps-gene response, and PIs with IRRS scores less than 1.5 were removed from the GWA analyses.
GWA analyses
The C2 set and the OH set were each analyzed separately; four GWA analyses were completed for C2 and OH set, for a total of 8. An analysis was completed using all PIs for a set as well as the three populations (C2-US, C2-SK, C2-GRIN, OH-US, OH-SK, and OH-GRIN) that comprise each set. GWA analyses were implemented using the R [66] package GAPIT [68] using a multiple locus mixed model (MLMM). General linear model, mixed linear model, compressed mixed linear model, and FarmCPU were also tested, but did not yield appropriate Q-Q plots or were not as able to resolve significant associations (S1 Fig) . When implemented in GAPIT, MLMM does not readily provide an estimate of percent variation explained. Instead, PVE was estimated using CMLM. The Q-matrix resulting from fastStructure analyses was used as a covariate. The significance threshold was determined using a modified Bonferroni adjustment by calculating the M eff using SimpleM [69] . Genome-wide significance thresholds were determined by α/M eff where α = 0.05.
Haploview [70] was used for haplotype block assembly using the four-gamete rule [71] . A haplotype block possessing a marker(s) with a significant marker-trait association was considered a single QDRL. Haplotype blocks for markers that were unlinked to other markers were delimited according to the positions of the flanking markers.
Meta-QDRL analysis
We collected pertinent information for reported QDRL towards P. sojae identified prior to Jan 1, 2019. Collected data included (1) linkage maps, (2) R 2 of genetic effect, (3) significance (LOD), (4) linkage group, (5) confidence interval (CI), (6) predicted position of QDRL, (7) generation and (8) size of populations from 16 biparental mapping studies (S2 Table) . Due to inconsistent reporting of these values, estimates were made for LOD values and confidence intervals (CIs) when not provided. LOD values were calculated using the formula LOD = R 2 / 1.5. If the CI was not provided it was calculated using the equation CI = 163/(N x R 2 ) where N is the population size [72] .
Meta-analysis was completed using the software BioMercator V3.1 [73, 74] . The initial step was to create a project-specific consensus map from genetic maps found in the biparental studies; this was aided by the inclusion of the consensus map [75] downloaded from Soybase [61] . QDRL were projected onto the project-specific consensus map. Studies prior to 2010 were removed and only one mapping study per generation of each biparental cross was included. The projected QDRL were used to identify position and CI based on Akaike-type criteria values. The physical positions of meta-QDRL were determined by selecting the markers flanking the meta-QDRL and locating the positions of these markers in the Wms.82 genome (Wms.82. a2.v1) [76] .
Results
Population structure analysis and linkage disequilibrium
The population structure of the USDA germplasm collection was analyzed in order to generate population-groups from which our GWA populations would be sampled. Population structure analyses of the 20,087 PIs with SoySNP50K genotypic data resulted in marginal likelihood estimations increasing with model complexities (number of population-groups) from 1 to 20 (S5 Table) . A local maximum was present at k = 12, describing twelve major populationgroups of soybean PIs ( Fig 1A) .
Two population-groups were identified that primarily consisted of PIs originating from the North Central US and SK, these were specifically sampled. PIs originating from SK have previously been shown to be a rich source of QDR alleles [55, 56] , providing novel QDR alleles to breeders that can greatly benefit resistance breeding [30] . The US population-group is a potential source of QDR alleles in genetic backgrounds adapted to the North Central regions of the US or alleles already deployed in US cultivars. To generate the six populations for our GWA analyses, we sampled the SK population-group to create the C2-SK and OH-SK populations and sampled the US population-group to create the C2-US and OH-US populations. Finally, the full USDA germplasm collection was sampled to generate the C2-GRIN and OH-GRIN populations to access a broader diversity, potentially providing novel, under-utilized QDR alleles.
The combination of the C2-SK, C2-US, and C2-GRIN populations were referred to as the C2 set. Likewise, the OH set was comprised of the OH-SK, OH-US, and OH-GRIN populations. Eleven of the 12 population-groups identified by the fastStructure analysis of the 20,087 PIs in the germplasm collection were represented in both the C2 set and OH set ( Fig 1B and  1C ). Additional population structure analyses were completed to identify subpopulations in the PIs comprising C2-US and OH-US as well as the C2-SK and OH-SK populations. These analyses identified six and nine subpopulations within the US and SK populations, respectively (S2 and S3 Figs). The majority of the subpopulations are present in the respective C2-US and OH-US populations and C2-SK and OH-SK populations, with only slightly different proportions of each subpopulation represented (S2 and S3 Figs).
A total of 33,234 (C2 set) and 34,248 (OH set) SNP-markers were used in GWA analyses. There was an average density of one marker every 29 kb for both the C2 and OH sets. Due to linkage disequilibrium (LD), SNP-markers could be consolidated to an effective marker number [69] of approximately 11,000 in the OH set and C2 set, as well as the OH-GRIN and C2-GRIN populations. The effective marker numbers were nearly 5,000 for the C2-SK and OH-SK populations, 4,051 in C2-US population, and 3,291 in the OH-US population (S4 Fig) .
In the combined 974 individuals from the C2 and OH sets, where LD is expected to be lower than the less diverse populations (i.e., C2-US, C2-SK, OH-US, and OH-SK) [77] , LD decayed to an r 2 of 0.2, a common threshold of significant LD [78] , at an approximate distance of 350kb in euchromatic regions and greater than 500kb in heterochromatic regions (S4 Fig) .
Given that each population has an estimated marker density < 300 kb/marker, we anticipate that the majority of the soybean genome was captured in each GWA analysis (S4 Fig) .
Quantitative disease resistance of PIs in the C2 set
A total of 547 PIs were phenotyped with isolate C2.S1, of which 52 were subsequently removed from analyses due to an Rps-gene response or missing data. For the remaining 495 PIs that comprised the C2 set, best linear unbiased predictor (BLUP) values were calculated from the raw measurements of inoculated and non-inoculated traits. The BLUP values for NRW, NSW, and NPH had normal distributions, while IRRS, IRW, and ISW had nearly normal distributions with a slight positive skew and ΔRW, ΔSW and NPH had nearly normal distributions with a slight negative skew (S5 Fig) . For the C2 set, all of the inoculated traits had significant genetic variance and moderate to moderately high broad-sense heritability, ranging from 0.52 for ΔRW to 0.78 in IRW (Table 1) .
Within the C2 set, the C2-US, C2-SK, and C2-GRIN populations had comparable average BLUP scores for each trait (S6 Fig) . Despite similar means, subtle trends in the distributions of BLUP values were present; the US population had significantly higher BLUP values for NRW and NSW, indicating that these PIs were larger (S6 Fig) . Consistent with previous studies, the C2-SK population had the lowest BLUP values for IRRS (most resistant) and highest BLUP values for IRW, ISW, and IPH of the three populations, once again demonstrating the high resistance levels found in SK germplasm. The SK and GRIN populations had greater genetic variance and a larger standard deviation around the means for all traits (S6 Fig) . The C2-US population had the lowest average heritability (H 2 = 0.39) and genetic variance, though still significant for all traits except ΔRW and ΔSW. Both the C2-SK and C2-GRIN populations also had significant genetic variance for all traits and higher average broad-sense heritability between 0.73 and 0.66, respectively (S6 Table) .
In the C2 set, there was significant correlation between nearly all traits ( Table 2) . Correlations were strongest among traits of the same type (inoculated, non-inoculated, or combined). Correlations among inoculated traits were moderate to high, ranging from -0.53 for IRRS (lower score is more resistant) and IPH to 0.87 for ISW and IRW. The correlation between the combined traits ΔSW and ΔRW was also high at 0.79, and correlations among non-inoculated traits were moderate to high, ranging from 0.59 for NPH and NRW to 0.83 for NSW and NRW. For the most part, correlations between different types of traits were low to moderate, ranging from -0.21 for ΔRW and NPH to 0.56 for ISW and NSW. However, IRRS was not significantly correlated to the non-inoculated traits, indicating that IRRS is independent of noninoculated plant size and weights.
Quantitative disease resistance of PIs in the OH set
A total of 549 PIs were phenotyped with isolate OH.121, and 71 PIs were removed from subsequent analyses due an Rps-gene response or missing data. Thus, the final OH set consisted of All nine traits had significant genetic variance (Table 1) with moderate to high heritability, ranging from 0.38 for ΔRW to 0.77 for IPH. Both the heritability and genetic variance were comparable between isolates, with OH.121 traits on average having slightly higher genetic variance, higher residual variance, and marginally lower heritability ( Table 1) . The average BLUP values of the three populations comprising the OH set (OH-GRIN, OH-SK, OH-US) were very similar for each trait, with a greater standard deviation of BLUP values in the OH-GRIN and OH-SK populations relative to the OH-US population (S7 Fig) .
Genetic variance was lowest in the US population, and heritability was highest in the SK population. The US and SK populations had similar BLUP values for IRRS, IRW, ISW, and IPH and were significantly more resistant than the GRIN population. The US population had significantly higher BLUP values for the non-inoculated traits (sans NSW compared to SK) indicating, once again, that the US population averaged larger plants than the SK and GRIN populations.
There were significant correlations among nearly all traits in the OH set ( Table 2 ). Correlations were strongest among traits of the same type (inoculated, non-inoculated, or combined). Correlations among inoculated traits were moderate to high, ranging from -0.65 for IRRS and ISW to 0.83 for ISW and IRW. The correlation between the combined traits ΔSW and ΔRW was moderate at 0.58, and correlations among non-inoculated traits were moderate to high, ranging from 0.63 for NPH and NRW to 0.78 for NSW and NRW. For the most part, correlations between different types of traits were low to moderate, ranging from -0.19 for ΔRW and NPH to -0.51 for ISW and NPH. However, similar to data from the C2 set, IRRS was not significantly correlated to the non-inoculated traits, indicating that IRRS is independent of noninoculated plant size and weights.
Genome-wide association analyses
A total of 48 significant marker-traits associations were identified on 16 chromosomes (Tables  3 and 4 ; Figs 2 and 3). Markers in LD with significant markers were considered the region most likely to contain the allele contributing to QDR and were used to delimit QDRL. Some markers were associated with more than one trait or were within the same haplotype block; therefore, the 48 marker-trait associations were consolidated into 44 QDRL.
GWA analyses of the C2 set, as well as C2-SK, C2-US, and C2-GRIN populations resulted in a total of 24 significant marker-trait associations, representing 23 QDRL as defined by haplotype blocks. These 23 QDRL were comprised of 12 QDRL identified from the C2-SK population and distributed to ten chromosomes, three QDRL on Chr13 identified in the C2-US population, one QDRL on Chr13 identified in the C2-GRIN population, and seven QDRL identified from the C2 set and distributed to five chromosomes ( Table 3 , Fig 2) . Three quantitative trait loci (QTL) associated with non-inoculated traits were identified from the GRIN population and located on Chr02. None of the QTL coincided with the identified QDRL (S7 Table, GWA analyses in the OH set, as well as OH-SK, OH-US, and OH-GRIN populations resulted in a total of 24 marker-trait associations, representing 21 QDRL as defined by haplotype blocks. These 21 QDRL were comprised of seven QDRL identified from the OH-SK population distributed to four chromosomes; three QDRL identified from the OH-US population and distributed to three chromosomes; six QDRL identified in the OH-GRIN population distributed to four chromosomes; and five QDRL identified using the OH set distributed three chromosomes. GWA analyses for non-inoculated traits identified 13 QTL distributed on 12 chromosomes (S10 Fig, S7 Table) . On Chr05, a QTL for NPH was coincident with QDRL OH-5-1 for IPH, indicating that this locus may control plant architecture rather than a QDRL, per se.
Comparisons of GWA analyses between the C2 and OH sets
GWA analyses in the C2 and OH sets and the populations derived from these sets resulted in the identification of 44 QDRL on 16 chromosomes; with 23 QDRL distributed to 12 chromosomes identified in the C2 set and 21 QDRL distributed to 10 chromosomes identified in OH , Name of the QDRL in which "C2" indicates where the trait was mapped in the assay with isolate C2.S1, followed by "-##"in which the two digit number represents the chromosome to which the QDRL is located, and "-#" in which the number represents the order the QDRL are found on the chromosome. Within a given set (C2 or OH), different QDRL were detected depending on the population. For example, the C2-SK population identified different QDRL than the C2-US and C2-GRIN. Similar differences were also observed among the QDRL identified from the populations within the OH set. In this case, the populations within a given set are structured and allele frequencies are expected to contribute to the differences in the QDRL that were detected. Indeed, there were significant differences in allele frequencies between populations (P value < 0.01) at all identified QDRL (Fig 4) . , Name of the QDRL in which "OH" that indicates where the trait was mapped in the assay with isolate OH.121, is followed by "-##"in which the two digit number represents the chromosome to which the QDRL is located, and "-#" in which the number represents the order the QDRL are found on the chromosome. There were also some differences in allele frequencies from the corresponding populations within the C2 and OH sets (i.e., C2-US vs. OH-US, C2-SK vs. OH-SK and C2-GRIN vs. OH-GRIN), despite sampling the same population-groups from the population structure analysis (Fig 1) . While the majority of allele frequencies were very similar and not significantly different, eight alleles were significantly different between populations ( Fig 5) with five significant differences in allele frequencies between the US populations and three significant differences between the C2 set and OH set. The ability to detect QDRL is affected by allele frequency [79] and could contribute to the differences in identified QDRL.
Corroboration of the identified QDRL and direction of allelic effects
There was little overlap in the QDRL identified in the C2 set and OH sets. However, single marker analyses, comparing the phenotypic means of PIs with the resistant or susceptible allele at the identified QDRL, verified the direction and allelic effect in relevant traits (Figs 5 and 6 ). At 43 of 44 QDRL, PIs with the resistance allele had BLUP values indicating a higher level of resistance than PIs with a susceptible allele in both the population in which the QDRL was identified and the corresponding population assayed with the alternative isolate ( Figs 5 and 6 ). The only exception was the significant marker for OH-11-2, which was not polymorphic in the C2 set. The QDRL markers were often significantly associated with QDR towards either OH.121 or C2.S1 in their respective populations. Using single marker analyses, most markers (37 of 44) had a significant marker effect for the isolate, population, and trait in which the association was originally identified by GWA analysis. More surprising is that a large number (26 of 44) of the single marker tests also had significant effects for QDR to the alternate isolate in the corresponding population. Thus, in addition to the direction of allelic effects being the same between the two isolates and their corresponding populations, these allelic effects were often significant based on single marker analyses.
For most of the corresponding populations, the significant markers had a similar allele frequency in both populations (e.g. C2-GRIN and OH-GRIN) ( Figs 5 and 6 ). However, for nine QDRL, the allele frequency was significantly different between populations or monomorphic in one population. Of the 18 QDRL that were not confirmed in the relevant population for resistance to the alternate isolate, one was monomorphic and three had significantly different allele frequencies in the relevant population corresponding to the alternative isolate. In these instances, differences in the marker effect may be due to population sampling rather than isolate or environment.
In both the C2 and OH sets, there was a significant correlation (P value <0.001) between the number of resistant alleles and an overall resistance rank (Fig 7a and 7c) . In the C2 set, the most resistant quintile averaged 25.2 resistance alleles (of 44), significantly higher than the other quantiles (Fig 7b) . The OH set displayed a similar trend with the most resistant quintile Marker associations for the full OH set and the OH-GRIN, OH-SK, and OH-US populations for each trait are overlaid. For significant associations, markers for each population and trait are differentiated by the shape and color of the marker, respectively. Significance thresholds were calculated for each population using SimpleM, only the highest (OH set) and lowest (OH-US) thresholds are displayed. Genomic locations of Rps-genes, regions identified as significantly associated with quantitative resistance to P. sojae in previous GWA analyses, and meta-QDRL are indicated as described for Fig 3. https://doi.org/10.1371/journal.pone.0227710.g003 averaging 25.8 resistance alleles, significantly more resistance alleles than the other quintiles (Fig 7d) .
Meta-QDRL analysis
Comparison to previously identified QDRL would provide further evidence to validate our findings as well as distinguish the novel QDRL identified in this study. While over a hundred QDRL for resistance to P. sojae have been previously identified from bi-parental mapping studies, many were identified in only a single study. Thus, in order to focus on the robust QDRL, we completed a meta-analysis of QDRL.
In addition to four GWA studies (S8 Table) , 16 biparental mapping studies have also been completed (S2 Table) , identifying 143 QDRL positions (77 positions on Soybase) [61] . The studies were filtered such that only a single mapping study from the same biparental cross and generation is represented and studies prior to 2010 were removed. The remaining 11 studies describe 114 QDRL and were included in this meta-analysis. The meta-analysis of the QDRL The frequency of SNP alleles was calculated by adding the total number of individuals with the first allele (first in alphabetical order of SNP) divided by the total number of individuals in the population. The US population is represented by grey dots, the SK population by black dots and the GRIN population with red dots. A χ 2 test was completed to test for significant differences in allele frequencies. All allele frequencies were significantly different (P value < 0.01).
https://doi.org/10.1371/journal.pone.0227710.g004
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Fig 5. Allele frequencies and average BLUP values of PIs with resistant and susceptible alleles at QDRL identified in GWA analyses in the US, GRIN, and set populations.
The frequency of the resistant allele is indicated in the "Freq" column. Significantly different allele frequencies (χ 2 test, α = 0.05) and instances where one population is monomorphic were indicated with grey shading. For resistant (red) and susceptible (black) alleles of each QDRL, means and standard errors were calculated from the population in which the significant association was identified and are indicated with points and bars, respectively. P values from t-test are presented in the "Pheno" column with P value < 0.05 indicated with � , < 0.01 indicated with �� and < 0.001 indicated with ��� . In order to consistently have the resistance indicated as a higher BLUP value, BLUP values for inoculated root rot score (IRRS) were multiplied by "-1". Eight QDRL had a greater distribution of BLUP values and were displayed on a separate chart to aid readability. The frequency of the resistant allele is indicated in the "Freq" column, none were significantly different (χ 2 test, α = 0.05). For resistant (red) and susceptible (black) alleles of each QDRL, means and standard errors were calculated from the population in which the significant association was identified and is indicated with points and bars, respectively. P values from t-test are presented in the "Pheno" column with P value < 0.05 indicated with � , < 0.01 indicated with �� and < 0.001 indicated with ��� . In order to consistently have the resistance indicated as a higher BLUP value, BLUP values for inoculated root rot score (IRRS) were multiplied by "-1". Eight QDRL had a greater distribution of BLUP values and were displayed on a separate chart to aid readability. Significantly different allele frequencies were identified with a χ 2 test and are indicated with grey shading.
https://doi.org/10.1371/journal.pone.0227710.g006 consolidated these results into 22 robust meta-QDRL distributed across ten chromosomes ( Table 5 ). Based on the reference genome (Wms.82.a2), the meta-QDRL are associated with an average physical region spanning 5547kb ( Table 5 ).
Colocalization between previous research and current results
We identified regions most often associated with resistance by comparing current results with the four previous GWA analyses for QDR to P. sojae [55] [56] [57] [58] [59] , as well as the meta-QDRL (Table 5 ). QDRL C2-02-1, C2-03-3, C2-13-7, and C2-17-2 were < 500kb from regions identified in previous GWA analyses, adding evidence to these regions being important in QDR. No such colocalizations were identified for QDRL from the OH set or populations ( Table 6 ).
Five QDRL from our GWA analyses are near (within 500kb) or overlap with meta-QDRL; m08-1 near C2-08-02 (C2-SK), C2-13-4 (C2-US) near m13-1, C2-15-1 (C2-SK) near m15-1, C2-16-1 (C2-SK) near m16-2, and OH-18-1 (OH-US) near both m18-1 and m18-2 (Figs 2 and  3) . Because specific criteria were used to determine which QDRL mapping studies to include in the meta-analysis, a number of previously reported QDRL were not included. The QDRL C2-04-1, C2-13-2, and C2-13-3 co-localized with previously reported "non"-meta-QDRL because these QDRL were either not included in the meta-analysis or the QDRL were merged into meta-QDRL at a slightly different genetic position (Table 6 ).
In addition to the 12 QDRL from our GWA analyses which overlapped with previously identified QDRL, fourteen of the QDRL identified in the present study were within or < 500kb from reported Rps-gene locations. QDRL C2-02-1 co-localized with RpsZS18. C2-03-1 and C2-03-2 were near the Rps1 region. We identified QDRL C2-13-5, C2-13-6, and C2-13-7 within the Rps3 region, and the two QDRL identified on Chr17, C2-17-1 and C2-17-2, were within the Rps10 region. In the PIs phenotyped with OH.121, OH-18-2 was near Rps6; OH-13-1, OH-13-2, OH-13-3, OH-13-4, and O13-5 were all near Rps3 on Chr13 (Table 6 ). Some QDRL identified in this study were novel in their association towards P. sojae disease resistance, but were in regions previously associated with resistance to other soybean pathogens and pests. QDRL OH-03-3 is in a region associated with resistance to whiteflies and soybean cyst nematode (SCN) [80] . QDRL OH-05-1 is in a region associated with resistance to the toxins produced by Fusarium virguliforme [81, 82] . QDRL OH-06-1 is near the position of a QDRL associated with resistance to sudden death syndrome (SDS) [83] [84] [85] . QDRL C2-08-3 was within regions associated with Sclerotinia and SDS resistance [86, 87] . QDRL C2-11-1 is near QDRL for SCN [88] . QDRL OH-20-1 is in a region associated with QDR to SDS [82] . OH-20-2 in a region associated with QDR to SCN [80] (Table 6 ). Finally, the remaining 14 QDRL are in regions not previously associated with resistance to fungal, viral, or nematode pathogens based on information available in Soybase [61] (March 1 st , 2019).
Discussion
A large and diverse population of soybean accessions led to the identification of 44 QDRL
In this study, six traits for QDR were measured for PIs sampled from the USDA collection, representing germplasm from the US, the Republic of Korea, as well as PIs that were sampled without geographic consideration. PIs were phenotyped following inoculation with either P. , The name of the meta-QTL, with the m prefix indicating that it is a meta-QDRL, followed by "-##"in which the two digit number represents the chromosome to which the QDRL is located, and "-#" in which the number represents the order the QDRL are found on the chromosome. sojae isolate C2.S1 or OH.121, forming the two sets of 495 PIs in the C2 set and 478 PIs in the OH set, respectively. Identification and comparison of QDRL for multiple isolates of P. sojae can be informative for making breeding decisions, as it is genetically complex [89] , likely contributing to not only diverse virulence patterns but also other aspects of pathogenesis. Though it would have been interesting to phenotype all PIs with both isolates, a limited number of seeds were available from the USDA collection. GWA analyses were completed separately depending on the aforementioned experimental design, and though the traits were significantly correlated, unique QDRL were identified for each measurement. Though correlated, it remains pertinent to evaluate multiple traits, as each QDRL could be functioning though different molecular mechanism or different tissue and may only be detected by measuring a specific trait [90] . Overall, 44 QDRL were identified, and Table 6 . Summary of colocalizations of identified QDRL with previously identified QDRL, Rps-genes, or other pathogens.
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[57]/S1 Table   OH-18-1  m18-1  Table 5 OH-18-2 Rps6 S1 though GWA analyses are expected to identify large-effect and common alleles [91] , here we identified 44 small-effect QDRL explaining less than 14% of the variation, consistent with results from previous mapping studies (S2 Table) . Superficially, the GWA analyses here appear to have identified many more QDRL than previous studies. For example, GWA analyses for QDR towards P. sojae have been completed in more specific samples of germplasm and individually have identified a maximum of 16 markers associated with resistance [55] . Biparental mapping studies have also identified similar numbers of QDRL [42] [43] [44] [45] [46] [47] [48] . For example, a cross of Conrad x Hefeng 25 identified eight QDRL [44] ; the cross of Conrad x Sloan identified 10 QDRL [48] ; and crosses of PI 3998841 or PI 407861A with OX20-8, identified 3 and 7 QDRL, respectively [51] [52] [53] . There were a total of 16 genetic regions associated with QDR to P. sojae identified using six nested populations in a joint linkage mapping study with an average of 1.5 QDRL identified in individual populations and 6 additional QDRL detected with joint linkage analyses [53] .
However, both the diversity of PIs and the completion of analyses in multiple populations likely contributed to the large number QDRL identified. Though the total number of QDRL exceeded previous GWA results, analyses within individual population are comparable to previous research. For example, 11 QDRL were identified in the C2-SK population, and seven QDRL in the OH-SK population. These results are similar to the seven QDRL identified in the study completed in SK germplasm by Schneider et al. (2016) [55] . GWA analyses in Chinese breeding lines have resulted in identifying three or one QDRLs [57, 58] , likewise the C2-US and OH-US populations, consisting primarily of US cultivars, resulted in the identification of 3 QDRL.
The high level of soybean diversity in the full C2 set or OH set, may allow for the detection of novel QDRL, but it also increases the population structure, and, therefore, the risk of false positives [92] . However, efforts to reduce false positives in GWA analyses were applied by using models that incorporated population structure and kinship among PIs [93] . The false-positive rate was also increased because multiple GWA analyses were completed for each population within each set (C2 and OH) of PIs. The methodology in this study was similar to that of Bandillo et al. (2015) [94] , where a broad collection of PIs was initially sampled for GWA analysis, followed by analyses of four subsets from the initial collection to identify QTL for seed protein and oil content. Though testing subsets of PIs in addition to the full set does increase the false positive rate, we applied appropriate and stringent significance thresholds specific to each population based on the respective effective marker numbers [71] .
Many QDRL co-localize with previously identified loci for P. sojae resistance, as well as represent novel loci for this pathosystem
Prior to this study, 21 biparental or GWA mapping studies for QDR towards P. sojae have been completed (S2 Table) . Additionally more than 30 Rps-genes/alleles have been identified for race-specific resistance (S1 Table) . Twenty-one of the QDRL reported in this study were novel loci for this pathosystem, adding significantly to our knowledge of the genetic architecture of QDR to P. sojae. The remaining 23 QDRL colocalize with previously identified QDRL and/or Rps-genes. Depending on whether these co-localized resistances are in cis, in trans, or controlled by the same gene(s), the colocalization of these QDRL could have significant breeding implications.
Colocalization was identified by comparing the QDRL identified here with the 143 QDRL reported from 16 biparental mapping studies positions (S2 Table) . Though the expression of QDR towards P. sojae can be dependent on environmental, methodological, and assay conditions [47] , in this study we consolidated these QDRL into 22 robust meta-QDRL distributed across 10 chromosomes. In total, twelve QDRL, or 27%, colocalized with previously identified loci from GWA analyses, non-meta-QDRL for P. sojae resistance or meta-QDRL. This is similar to previous GWA studies where approximately 33% of QDRL co-localized with results from other studies [55, 57, 59] . Five of the 22 meta-QDRL colocalized with QDRL we identified in this study, strongly supporting the involvement of these regions in QDR to P. sojae. Though only 5 QDRL colocalized with meta-QDRL, this analysis greatly facilitated the consolidation of the growing number of identified QDRL for resistance towards P. sojae.
Rps-gene regions often overlap with QDRL regions [53, 55] . In this study, 14 QDRL overlapped with or were within 500kb of previously reported Rps-gene regions. Though phenotypically distinct, the colocalization of Rps-genes is conspicuous, coaxing the research question: Are canonical R-genes functioning in a QDR? Indeed, researchers have previously proposed that QDR may be an R-gene-mediated response that does not confer complete resistance, resulting in race-specific QDRL [95] . While studies have previously identified QDRL that have been significant for one isolate and not other isolates [48] , at this time, no significant race or isolate × QDRL interaction has been reported, which would be the hallmark of a bona fide race-specific QDRL. Few studies on QDR to P. sojae have specifically addressed race-specificity of QDRL, and those that have tested for race-specific QDRL did not identify any significant isolate × QDRL interaction [96] . In this study, isolate, population, as well as environment, were all confounded. Thus, we were unable to test the race or isolate-specificity of the QDRL.
There was little overlap in QDRL identified between the C2 set and OH set
The C2 set and OH set were both comprised of US, SK and GRIN populations sampled from the USDA germplasm collection. Though the germplasm was similar, the two sets varied for isolate and the greenhouse environment, and while similar numbers of QDRL were identified in both the C2 set and OH set, there was little overlap between the QDRL identified with each isolate, among populations, or for each trait. With the exception of a region on Chr13, the QDRL identified in either the C2 set or OH set were unique to the set.
As in other host-pathosystems, QDR is often a complex trait [28] . This type of genetic complexity can be observed in the foliar disease of maize, Southern Corn Leaf Blight, where GWA analysis for resistance in the maize NAM population resulted in the identification of 32 QDRL [97] . Similarly, over 100 QDRL have been identified for the well-studied Fusarium head blight resistance in wheat [98] . Based on current and previous mapping studies for resistance to P. sojae, we can estimate that greater than 60 loci are contributing to QDR. The majority of identified QDRL toward P. sojae in soybean explain less than 15% of the variation in the population in which they were mapped. The small individual effect of each allele contributes to the complexity of the resistance phenotype itself, as well as to the genetic analysis of the trait. In fact, while many QDRL have been reported as isolate-specific or specific to an individual resistance trait or assay [47, 48, 53, 55] , it is unclear whether these specific QDRL are due to the marginal significance of small effect loci, or the functional complexity of the QDR. Interestingly, though QDRL were only identified with one isolate of P. sojae, there were significant differences in the response trait between the resistant and susceptible alleles both within the populations in which the QDRL were identified as well as within the corresponding population assayed with the alternate isolate. This provides independent corroboration for these QDRL and indicates that many, if not all, of the 44 QDRL are valid.
Among the populations that made up each isolate set, we observed unique QDRL, with no overlap in the genetic positions of QDRL identified among populations within each isolate set.
As expected, we also observed unique alleles and genetic structure for each population within an isolate set. Populations were sampled from specific groups, which were determined by a population structure analysis, and possessed differences in the number of segregating markers as well as significantly different allele frequencies at QDRL. Thus, the lack of overlap between QDRL identified in each population is likely a result of some combination of differences in resistance allele polymorphism, allele frequency, and/or LD.
Targeting multiple QDRL for different traits may provide improvement of QDR in elite cultivars
QDR towards P. sojae is thought to consist of multiple mechanisms that interact to produce a defense response [99] ; as such, combining QDRL involved with different aspects of resistance could produce the highest levels of resistance. However, the question remains: How applicable are individual minor effect QDRLs, possibly only contributing to one isolate or trait, for the improvement of elite cultivars? Indeed, these are small effect QDRL, however one of the proposed benefits of QDR is durability, and minor effect QDRL are predicted to be more durable than large-effect QDRL with wide-spread deployment [91] .
Specifically for US germplasm, there has been an improvement in QDR over time, but this began to plateau in the 1980s [100] . Indeed, US populations in this study had lower levels of QDR than the SK and GRIN populations. In the C2 set, only 10 of the top 50 most resistant PIs are from the C2-US population. The OH set is similar, with 11 US PIs in the top 50 most resistant PIs.
Among the most resistant PIs from the C2-US population are four Clark isolines (PI547538, PI547583, PI547476, PI547528) and one Williams isoline (PI591509) [101] . Both Clark and Williams have been reported to have moderate to high levels of QDR against P. sojae [55] . Likewise in the OH set, the most resistant lines were also from Clark (PI547496) and Williams (PI547852, PI547496, and PI634758) derivatives [105, 106] . In addition, among the 11 resistant US PIs were cultivars OH FG2 (PI584470), Lonoke (P633609), and Athow (PI595926), all of which had been previously reported as moderate to highly resistant [38, [102] [103] [104] [105] . Thus, disease assays in each of the US populations have repeatedly identified known and often well utilized sources of partial resistance to P. sojae. At a minimum, Clark and Williams have been widely incorporated into breeding programs [106] ; therefore, it is possible many of the QDR alleles identified in the US populations have already been deployed in US germplasm.
Overall, there was a correlation between the number of resistant alleles and the overall resistance levels, indicating the value of stacking QDR alleles. In other pathosystems, such as rice-Magnaporthe oryzae, pyramiding of QDRL increased resistance [107] . Similarly, pyramiding QDR alleles for resistance to Fusarium head blight in wheat increased resistance. Interestingly, among the top 50 most resistant PIs, PIs from the US populations averaged fewer QDR alleles than the PIs from the GRIN and SK populations. Thus, there may be room for continued improvement by incorporating additional QDR alleles.
Based on this study, valuable and previously untested QDR alleles are available to soybean breeders to increase the diversity in their genetic base as they attempt to improve elite cultivars, notably from PIs originating from SK, which had high levels of QDR in this study and previous research [55, 56] . The complex genetic architecture of QDR towards P. sojae indicates the importance of stacking multiple QDR alleles or a potential role for tools such as genomic selection. Efforts to introduce alleles contributing to a number of QDR traits are expected to provide the most durable and highest levels of QDR. Table. Overall ranking of resistance for plant introductions in the C2 set. PIs were ranked from most resistance to least resistant for the four inoculated traits, ΔCRW and ΔCSW, ranks were summed and re-ranked. (XLSX) S4 Table. Overall ranking of resistance for plant introductions in the OH set. PIs were ranked from most resistance to least resistant for the four inoculated traits, ΔCRW and ΔCSW, ranks were summed and re-ranked. (XLSX) 
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